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Photodissociation of polarized diatomic molecules in the axial recoil limit: Control of atomic polarization
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I. INTRODUCTION
In 1932 Wigner and Witmer formulated the correlation rules for the molecular electronic states formed on bringing together two atoms with nonzero angular momentum. 1 The ensuing loss of spherical symmetry means that the quantum number for electronic ͑orbital͒ angular momentum ceases to be good. 2, 3 The projection of this angular momentum upon the internuclear axis is, however, a conserved quantity and, consequently, the electronic states so formed are labeled with the quantum number describing this projection. Because projection quantum numbers combine additively, the electronic states formed depend upon the projections of the individual atomic orbital and spin angular momenta on the internuclear axis. Using similar reasoning, and assuming that the projection of the electronic angular momentum is conserved upon dissociation, van Brunt and Zare predicted that the photodissociation of a diatomic molecule could yield fragments whose angular momenta are polarized with respect to the internuclear axis. 4 Furthermore, this molecular frame angular momentum polarization along the internuclear axis, when convoluted with the laboratory frame photofragment angular distribution, 5 can lead to a laboratory frame polarization of the fragment angular momentum, and thus polarized fluorescence from the fragment. 4 This prediction has been verified experimentally. [6] [7] [8] [9] [10] [11] [12] Subsequently, detailed quantum mechanical treatments of diatomic molecule photodissociation to open shell atoms were published which properly treated the effects of coherent excitation of multiple dissociative states and the associated interference properties which may have pronounced effects on the vector properties following photodissociation. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] While this early work was concerned with the photofragment angular distribution and overall laboratory frame fragment angular momentum polarization, more recently attention has focused on the correlation between the recoil direction and the angular momentum polarization, i.e., the v-J correlation. Whereas for molecular photofragments the correlation between the fragment velocity and the polarization of the fragment rotational angular momentum results from the repulsive forces and torques during bond rupture, and therefore reflects directly the topography of the dissociative potential energy surface͑s͒, [28] [29] [30] [31] [32] [33] [34] [35] [36] the v-J correlation for an atomic fragment can only arise as a consequence of the electronic character of the dissociative surfaces. This atomic v-J correlation has been shown to be highly sensitive to the nature of the photoexcitation, nonadiabatic couplings between dissociative states, and the phase differences between states leading to the same fragmentation channel. 27, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] For the high ͑rotational͒ angular momenta which are typical of diatomic and polyatomic photofragments, the v-J correlation may be described semi-classically using an expansion of bipolar harmonics as elegantly formulated by Dixon. 31 Although this widely used formalism can be adapted for low angular momentum states, 48 we choose here to extend the quantum mechanical treatment of Siebbeles et al., in which the v-J correlation is expressed in terms of recoil-direction-dependent multipole moments of the angular momentum polarization. 27 While the work of Siebbeles et al. treated the photodissociation of randomly oriented molecules yielding only one fragment with nonzero angular momentum, Mo and Suzuki have very recently discussed the situation where both fragments carry angular momentum. 49 The angular distribution and overall laboratory frame angular momentum polarization of fragments following photolysis of oriented/aligned molecules has been discussed by Pipes et al. in the context of extracting the photodissociation dipole maa͒ Present address: Steacie Institute for Molecular Sciences, NRC, 100 Sussex Drive, Ottawa, Ontario, Canada, K1A 0R6. Electronic mail: jonathan.underwood@nrc.ca trix elements. 50 The present work treats the photodissociation of oriented/aligned molecules where both fragments may carry angular momentum, combining and extending these works in a unified manner. We present expressions for the angular distribution, overall lab frame angular momentum polarization, and, most importantly, the v-J correlation of the photofragments. Using this formalism it is demonstrated that control of the parent molecule angular momentum polarization may, under circumstances where more than one dissociative state is operative, provide a useful means of controlling the photofragment angular momentum polarization. This may be of particular use in experiments where an atomic collision partner is created through photolysis of a diatomic molecule.
II. FORMALISM
We consider the photodissociation of a diatomic molecule ab yielding fragments a and b, both of which may have nonzero angular momentum described by the quantum numbers j a m a and j b m b , respectively ͑we assume that L -S coupling applies͒. The photodissociation process is described by the scattering wave function, ͉kj a m a j b m b Ϫ ͘, which has the asymptotic form of an incoming spherical wave in all channels and an outgoing plane wave in channel
where S ␥␥ Ј are elements of the scattering matrix, S. Following Freed et al. 13, 14 we introduce two sets of basis functions in which to expand this wave function, and the orthogonal transformation between these two basis sets required in order to connect the fine structure states of the atomic photofragments with the dissociative molecular states. These basis sets are then used to construct recoil-angle-dependent laboratory frame and molecular frame multipole moments of the fragment angular momentum distribution. These multipole moments are expressed in terms of dynamical parameters describing the photoexcitation and subsequent fragmentation dynamics. A consideration of adiabatic and nonadiabatic dissociation is also given.
A. Basis functions
The total Hamiltonian for the dissociating molecule may be separated into two parts,
where H int is the internal Hamiltonian for the atomic fragments, T(r) describes the relative motion of the fragments, and V(r) describes the interaction potential between the fragments which vanishes as r→ϱ ͑r is the internuclear separation͒. The asymptotic scattering wave function may be expanded in the complete set of eigenstates of H(rϭϱ). A convenient choice of channel states for this expansion is provided by the fine structure states of the atoms multiplied by a spherical harmonic describing the orbital motion of the atoms, 13, 14, 54, 55 
͑2.3͒
where l is the orbital angular momentum quantum number of the fragment atoms about the center of mass, and is the projection quantum number for this orbital angular momentum on the space fixed z axis. The projection onto the vector which joins the two fragments is zero by definition. These functions diagonalize H int and the angular part of T nuc (r). 13, 14, 54, 55 Since H(r) commutes with the total angular momentum and its projection, it is convenient to construct channel states that are eigenfunctions of the angular momentum operators J 2 ͑with corresponding quantum number J͒ and J z ͑with corresponding quantum number M͒,
Equation ͑2.4͒ defines the atomic limit basis. We note that this basis is defined in the laboratory frame ͑LF͒. This frame is defined by the polarization vector of the photolysis light source, with the z axis lying along the polarization vector for linearly polarized light, or along the propagation direction for circularly polarized light.
We now introduce a second basis, the molecular basis. The total Hamiltonian for the diatomic molecule may be written in terms of Hamiltonians describing electronic motion H el (r), nuclear motion T nuc (r), and spin-orbit interaction H SO (r) ͑ignoring relativistic corrections beyond the spin-orbit term͒
͑2.5͒
We consider the case of strong spin-orbit interaction, necessitating an angular momentum coupling description in Hund's case ͑c͒. 2, 3, 14, 56 Under these conditions the only good quantum number ͑besides J and M͒ is that describing the projection of the total angular momentum upon the internuclear axis, ⍀. In the adiabatic Born-Oppenheimer ͑ABO͒ approximation Hund's case ͑c͒ basis functions diagonalize H el (r)ϩH SO (r) yielding potential energy curves, and solution of the Schrödinger equation for nuclear motion is then possible by neglecting the first-and second-order derivatives in the nuclear Hamiltonian. 3, 14, 54 Nonadiabatic transitions occur due to these neglected terms in T nuc (r) ͑radial derivative and Coriolis coupling͒. If, in addition, molecular states can be identified by the fine structure quantum numbers of the atomic levels to which they correlate ( j j a j b ), and the spacing between molecular levels is principally determined by the atomic fine structure splitting, then a description in far nuclei Hund's case (c) basis functions is particularly useful.
14,54 Use of this basis diagonalizes H SO (r) , whereas H el (r) , although still diagonal in ⍀, couples states of different j j a j b . We expand the molecular wave function in this basis as
where
are the far nuclei Hund's case ͑c͒ ABO eigenstates. Here ⍀ϭ(,,) are the Euler angles which locate the molecular axis in the LF and we use the subscript c on the ket to signify a Hund's case ͑c͒ ABO eigenstate. Here stands for all other quantum numbers of the molecule and labels the eigenstate obtained by diagonalizing H el (r)ϩH SO (r) and the angular ͑rotational͒ part of T nuc (r) in the case ͑c͒ basis. Also, J (r) is the radial wave function obtained by solving the eigenvalue equation for the radial part of T nuc (r) and includes the couplings discussed above between the case ͑c͒ ABO states. 14, 54 When the true molecular eigenstates can be well approximated by a zeroth-order state, stands for the quantum numbers of each degree of freedom.
B. Orthogonal basis set transformation
We now have two sets of basis functions in which to expand the final state wave function. The molecular basis functions are likely to provide a good zeroth-order description at small r, whereas the atomic basis functions are eigenstates of the separated fragments at large r. At intermediate r, the atomic basis functions are linear combinations of the molecular basis functions. We seek now to connect the two basis sets such that we can formulate expressions relating the final states of the photofragment to the molecular states active in the photodissociation. In order to find the orthogonal transformation between basis sets, we examine the behavior of the ABO electronic states as r→ϱ. At large r, the ABO electronic states become fine structure states of the atomic fragments, with angular momenta quantized along the internuclear axis,
which are related to the states of total electronic angular momentum in Eq. ͑2.4b͒ by a rotation. At rϭϱ we can write
͑2.9͒
Now we can form states of total angular momentum by introducing the spherical harmonics describing orbital motion of the fragments about the center of mass and recoupling,
Using the Clebsch-Gordan series 57 we can contract the product of the rotation matrix element and spherical harmonic in the above equation,
͑2.11͒
Using the orthogonality of the Clebsch-Gordon coefficients, 57 we can now use Eq. ͑2.11͒ to relate the molecular basis to the atomic limit basis
This transformation provides the relationship between the dissociative molecular states and the final states of the atomic photofragments. This is used in the next section to relate the photofragment angular momentum polarization to the molecular states excited in the dissociation, and the subsequent fragmentation dynamics.
C. Photofragment polarization multipole moments
If fragment b remains undetected we may write the following expression for the excitation density matrix for fragments scattered in the direction ( k , k ) in the LF:
Here we have included the density matrix
ing the polarization of the molecular ground state angular momentum polarization. 59, 60 It is convenient to construct multipole moments of the excitation density matrix m a Јm a j a Јj a ( k , k ), which transform under rotation as spherical tensors of rank K and order Q, 57 ,59,60
͑2.14͒
The differential cross section for creating a photofragment with angular momentum j a scattered in the direction ( k , k ) is then proportional to j a j a T 00 ( k , k ), and the higher multipole moments describe the LF angular momentum polarization for those photofragments. Similarly, we expand the ground state density matrix in multipole moments
͑2.15͒
A partial wave expansion of the scattering wave function in the LF gives
which may be reexpressed in the atomic basis by recoupling in terms of states of total angular momentum,
͑2.17͒
This may then be expressed in terms of the molecular basis using the orthogonal transformation derived in Sec. II B:
͑2.18͒
When there is a large kinetic energy release on dissociation, the molecule dissociates much faster than the time scale for molecular rotation and the fragments depart along the molecular bond in the molecular frame ͑MF͒. This is known as the axial recoil limit. 5 In terms of the partial waves expansion Eq. ͑2.18͒ this involves setting
We assume that the molecular ground state is well described as an expansion in Hund's case ͑c͒ basis functions
and write the transition dipole moment operator as a contraction of two first rank tensors in the LF,
The spherical tensor component of the photolysis light in the LF is denoted by p which takes the value of 0 for linearly polarized light or Ϯ1 for circularly polarized light. It is convenient to connect the component of the transition dipole moment in the LF, d p 1 , to the component in the MF, d q 1 , through the rotation
The component of the transition dipole moment in the MF is given by q which takes the value of 0 for a parallel transition and Ϯ1 for a perpendicular transition. Substituting Eqs. ͑2.13͒, ͑2.15͒, ͑2.18͒-͑2.20͒, and ͑2.22͒ into Eq. ͑2.14͒ and carrying out the angular momentum algebra manipulation ͑see Appendix A͒ gives the following expression for the LF multipole moments:
where ⍀ϭ⍀ 0 ϩq and ⍀Јϭ⍀ 0 ЈϩqЈ. We use here the notation ͓X,Y ,...͔ϭ(2Xϩ1)(2Y ϩ1) . . . . In Eq. ͑2.23͒ we have introduced the spherical tensor contraction describing the initial polarization state of the molecules and photon
where E P0 (ê) is the polarization tensor of the photolysis light
The dynamical functions
͑2.26͒
These functions contain all the information on the transition dipole moments and subsequent photofragmentation dynamics via the matrix elements M j j a j b ⍀⍀ 0 (q) of the dipole operator,
͑2.27͒
In the axial recoil limit the matrix elements Eq. ͑2.27͒ are slowly varying functions of the total angular momentum, and so within this approximation we can neglect the dependence of these matrix elements on J and J 0 . 24, 27 This also allows us to neglect Coriolis coupling in the molecular region. [22] [23] [24] 26, 27 The dynamical parameters defined in Eq. ͑2.26͒ obey the following symmetry rule:
In particular this implies that the parameters 00 f K (0,0) must be zero for odd values of K. with the only nonzero multipole moment of the parent molecule ensemble being T 00 J 0 J 0 ⍀ 0 ⍀ 0 ϭ1, and with j b ϭ0, these expressions reduce to those given by Siebbeles et al. 27 We note also that cross terms in ⍀ 0 appear in the final expression which vanish for the case of an unpolarized ground state.
27
D. Photofragment angular distribution
The differential cross section for producing photofragment a flux in state j a in the LF direction ( k , k ) is given by
From Eq. ͑2.23͒ we find
͑2.30b͒
Here max corresponds to the rank of the highest nonzero multipole moment of the molecular ground state ensemble. We note that if the ground state polarization is not cylindrically symmetric, such that there are nonzero moments T J 0 ЈJ 0 ⍀ 0 Ј⍀ 0 with 0, then the photofragment angular distribution will also be noncylindrically symmetric with nonzero ␤ L j a coefficients with 0. From Eq. ͑2.30͒ it can be seen that the dissociative continua contribute incoherently to the photofragment angular distribution. As will be discussed in Sec. II G, this means that measurement of the photofragment angular distribution is a less sensitive probe of the photodissociation dynamics than polarization measurements.
E. Overall laboratory frame angular momentum polarization
The multipole moments describing the angle-integrated LF fragment angular momentum polarization are obtained from Eq. ͑2.23͒ by integrating over the recoil direction
͑2.31͒
From Eq. ͑2.31͒ we see that the angle-integrated polarization is described by multipole moments with rank Kϭ0... max ϩ2. In addition, we note that if the molecular ground state polarization is not cylindrically symmetric, then the angle-integrated fragment polarization may also be noncylindrically symmetric ͑nonzero moments j a Јj a T KQ with Q 0͒. For photodissociation of a randomly oriented ground state ensemble of molecules, photofragment orientation ͑de-scribed by odd K moments͒ may only be produced by circularly polarized light, and then only when a perpendicular transition is active in the dissociation. [22] [23] [24] 26, 27 In contrast, from Eq. ͑2.31͒ we find that orientation may be produced following photolysis of an oriented ensemble of molecules with linearly polarized light. Even so, we see from the symmetry ͓Eq. ͑2.28͔͒ of the ⍀ 0 ⍀ 0 Ј f K (q,qЈ) parameters appearing in Eq. ͑2.31͒ that odd K moments may not be produced by purely parallel transitions when ⍀ 0 ϭ⍀ 0 Јϭ0.
From Eq. ͑2.31͒ we see that the dissociative continua contribute coherently to the angle-integrated polarization. As will be discussed in Sec. II G, this means that the overall LF polarization carries more information content on the dissociation dynamics than the photofragment angular distribution alone. We note also that the ground state multipole moments, T J 0 ЈJ 0 ⍀ 0 Ј⍀ 0 , effectively weight the contributions made by each dissociative continuum to the resulting photofragment polarization; these would otherwise contribute according to their oscillator strengths for a randomly oriented ensemble of ground state molecules.
F. The v-J correlation
While the LF multipole moments in Eq. ͑2.23͒ describe completely the angular momentum polarization for fragments recoiling in the direction ( k , k ), it is more useful to describe the v-J correlation using a reference frame defined by the velocity vector of the photofragments. For this reason we now turn to the description of the photofragment polarization in the molecular frame ͑MF͒. This frame is defined with the z axis along the recoil direction, the y axis defined as Ẑ ϫk, where Ẑ lies along the LF z axis, and the x axis points in the third mutually orthogonal direction. The MF angular momentum polarization following photolysis of randomly oriented molecules has recently been the subject of several experimental investigations. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] The MF multipole moments, j a Јj a t KQ ( k , k ), are related to the LF moments by the rotation 57,59
In the axial recoil limit the fragments depart along the molecular axis and so ⍀ϭk. Employing the Clebsch-Gordan series and orthogonality of the 3 j symbols, 57 we can write the following expression for the MF multipole moments
͑2.33͒
These MF multipole moments describe completely the angular momentum polarization with respect to the MF for fragments scattered in the direction ( k , k ) in the LF. From the final 3 j symbol in Eq. ͑2.33͒ we find that Q ϭ⍀ЈϪ⍀. Since nonzero moments with Q 0 imply a loss of cylindrical symmetry, this implies that coherent excitation of dissociative states of different helicity may lead to a noncylindrically symmetric MF fragment angular momentum polarization. 59 For example, if the the ground state MF angular momentum polarization is cylindrically symmetric ͑such that there are only terms in the summation with ⍀ 0 ϭ⍀ 0 Ј͒, a pure parallel transition (qϭqЈϭ0) will give a cylindrically symmetric MF fragment polarization with only the Qϭ0 moments nonzero ͑reflecting the cylindrically symmetric arrangement of the transition dipole moment along the molecular axis͒. A pure perpendicular transition (͉q͉ϭ͉qЈ͉ϭ1) may give rise to nonzero moments with Q 0, and the MF fragment polarization will no longer be cylindrically symmetric. However, there is then a further restriction that only the even Q moments will be nonzero as a consequence of the reflection symmetry in two planes. 39, 59, 63 Nonzero moments with odd Q would then arise due to coherent excitation of both parallel and perpendicular transitions such that the transition dipole lies neither parallel or perpendicular to the bond axis, resulting in a lowering of the symmetry in the MF. In a similar manner, the fragment polarization is also sensitive to the ground state MF polarization, and so coherence between states of different ⍀ 0 may also break cylindrical symmetry even in the case of, for example, a purely parallel dissociation, where nonzero moments with Q 0 may arise when ⍀ 0 ⍀ 0 Ј .
Whereas for photolysis of a random ensemble of parent molecules, odd K moments may only be produced if a perpendicular excitation is active, 27 we find from Eq. ͑2.33͒ that odd K moments may arise from photolysis of a polarized ensemble of molecules for parallel excitation as well as perpendicular excitation. But in the specific case that ⍀ 0 ϭ⍀ 0 Ј ϭ0, the symmetry property ͓Eq. ͑2.28͔͒ of the ⍀ 0 ⍀ 0 Ј f K (q,qЈ) parameters means that there will be no odd K moments for parallel excitations.
The overall v-J correlation may be described by integrating Eq. ͑2.33͒ over the recoil direction ( k , k ) to give the following expression:
͑2.34͒
The multipole moments in Eq. ͑2.34͒ describe the v-J correlation averaged over all recoil directions. We see from this equation that integration over the recoil direction gives only nonzero moments with Qϭ0. We see from Eqs. ͑2.33͒ and ͑2.34͒ that the ground state multipole moments T J 0 ЈJ 0 ⍀ 0 Ј⍀ 0 effectively weight the contributions of each dissociative continuum to the resulting photofragment polarization; these would otherwise contribute according to their oscillator strengths for a randomly oriented ensemble of ground state molecules. As such, measurement of the photofragment v-J correlation in conjunction with controllable ground state polarization, such as by optically preparing the ground state, may provide a convenient means of probing in detail the photodissociation dynamics. In Sec. III we shall further demonstrate the sensitivity of the photofragment v-J correlation to the parent molecule polarization.
G. Adiabatic and nonadiabatic dissociation
We now examine the form of the radial wave functions appearing in the dipole matrix elements, Eq. ͑2.27͒, which are the radial wave functions in the molecular basis ͓Eq. ͑2.6͔͒ and describe the nonadiabatic dynamics of the dissociating molecule.
Asymptotically, these molecular radial wave functions have the form of incoming spherical waves in all channels, and an outgoing spherical wave in channel , 22,26,52,54
where has been defined in Sec. II A. For weak coupling between ABO states, these boundary conditions may be satisfied by writing J (r) as a superposition of zeroth-and first-order contributions within the framework of first-order perturbation theory,
where the zeroth-order functions describe elastic scattering in uncoupled channels. For large r these functions behave as
͑2.37b͒
Formulating the scattering matrix within the distorted wave approximation yields
͑2.38b͒
where V Ј J (r) is the coupling matrix element between the states and is the asymptotic phase of the zeroth-order radial wave function 0 J (r). For adiabatic dissociation, the first-order wave functions are zero and the scattering matrix is diagonal in . Substituting Eq. ͑2.38a͒ into Eq. ͑2.37a͒ gives the asymptotic form of the radial wave function in the adiabatic limit,
͑ r ͒ϭ2i sin͑k rϪ ͒.
͑2.39b͒
Hence the expressions for the observables discussed in Sec. II, which are sensitive to the coherence between the dissociative continua, will contain terms like
and so will depend on the phase difference between the states of different helicity ͑⍀͒ which are coherently excited. However, states of opposite helicity ͑i.e., states of Ϯ⍀͒ will necessarily have a phase difference of zero due to their degeneracy. While the relative magnitude of perpendicular and parallel transitions vary relatively smoothly with wavelength and mass, the phase difference can vary dramatically, particularly near threshold, which results in a dramatic fluctuation in both the MF polarization and the overall LF polarization. [24] [25] [26] [37] [38] [39] [40] We now consider the effect of nonadiabatic coupling. Substituting Eq. ͑2.38b͒ into Eq. ͑2.37b͒ and using the above results for the adiabatic case gives the following form of the asymptotic radial wave function, including nonadiabatic cou-
which contains an additional nonadiabatic phase factor of e 2i . From this equation it can be seen that all of the multipole moments will be affected by nonadiabatic coupling.
Hence it can be seen that the photofragment polarization, and in particular the v-J correlation, will be highly sensitive to the entire dissociative continuum, and not just the FranckCondon region. In contrast, measurements of the photofragment angular distribution contain much less information.
III. CONTROL OF PHOTOFRAGMENT POLARIZATION
As an illustration of the effect of the parent molecule angular momentum polarization upon the fragment angular momentum polarization, we consider the case of an ensemble of parent molecules prepared by single photon optical excitation prior to photolysis. This may be achieved through excitation to an excited vibrational level in the electronic ground state, or excitation to an excited electronic state. For simplicity, we assume resolution of a single rotational level is possible in the preparation step such that the multipole moments of the prepared state ensemble in the frame defined by the polarization of the preparation light source ͑PF͒ are given by
͑3.1͒
which have been normalized to T 00 ϭ1. Here s defines the polarization of the preparation light source and J g is the rotational quantum number in the lower state. For clarity we suppress all unambiguous superscripts. The PF is defined with the z axis along the electric vector for linearly polarized light and along the propagation direction for circularly polarized light. The multipole moments of the prepared molecule in the LF ͑defined by the photolysis light source͒ are related to those in the PF by a rotation
͑3.2͒
where ͑␣, ␤, ␥͒ are the Euler angles connecting the LF and PF.
We consider photolysis of a molecule ab from a prepared electronic state with ⍀ 0 ϭ⍀ 0 Јϭ0 in which one fragment carries away unit angular momentum, i.e., j a ϭ1, j b ϭ0. For simplicity we assume that the preparation step is the J g ϭ0, J 0 ϭ1 transition and that both the preparation and photolysis light sources are linearly polarized in the same plane such that ͑0,␤,0͒ are the Euler angles between the PF and the LF. The 1←0 transition produces a maximal negative angular momentum alignment of the prepared ensemble ͑i.e., predominantly anti-parallel to the PF z axis͒. For an ensemble of diatomic molecules exhibiting angular momentum polarization, the distribution of molecular axes ͑defined in the same frame as the multipole moments͒ is given by
͑3.3͒
from which we find that the 1←0 preparation step produces a maximal positive axis alignment, i.e., a cos 2 a molecular axis distribution. The molecular axis and angular momentum distributions ͑see Appendix B͒ generated in the preparation step are shown in Fig. 1 .
We now consider the effect of the experimental geometry, i.e., the angle ␤ between the preparation and photolysis ͑linear͒ polarization directions, upon the photofragment polarization. We consider the case where dissociation to produce a( j a ϭ1)ϩb( j b ϭ0) may occur via either a parallel (⍀ϭ0) or perpendicular (⍀ϭϮ1) transition with equal probability, i.e., we set M 110 ⍀0 ϭ1 for ⍀ϭ0,Ϯ1. Implicit in this choice of matrix elements is that the asymptotic phase difference between the parallel and perpendicular dissociation channels is zero. This choice of matrix elements also means that all orientations of molecular axis in the LF undergo photolysis with equal probability, i.e., the photofragment angular distribution will reflect the prepared axis distribution in the LF. Hence the LF photofragment angular distribution following 1←0 preparation will take the form of a cos 2 k distribution rotated through the angle ␤ such that the direction of maximum photofragment flux will be at ( k ϭϪ␤, k ϭ0°).
In Fig. 2 we show MF angular momentum distributions for fragments traveling in the direction of maximum photofragment flux for three choices of ␤. For fragments ␤ϭ0°w e see that the angular momentum is polarized preferentially perpendicular to the recoil direction in the MF. Furthermore, we see that the angular momentum distribution possesses cylindrical symmetry ͓t 21 (0,0)ϭt 22 (0,0)ϭ0͔. This is because these fragments are created purely through parallel dissociation with ⍀ϭ0; since ⍀ is conserved upon dissociation, the angular momentum polarization of the fragment reflects the angular momentum polarization of the parent molecule following photoexcitation. Fragments which are not traveling along the LF z axis will, however, possess noncylindrically symmetric angular momentum distributions as the perpendicular channel becomes more active as k and k move away from 0°. However, due to the cos 2 a molecular axis distribution about the LF z axis for ␤ϭ0°the photofragment flux falls off as k and k move away from 0°.
For ␤ϭ90°we find that the fragment angular momentum is polarized preferentially along the recoil direction in the MF. Furthermore, the angular momentum distribution no longer possesses cylindrical symmetry and, in fact, lies in a plane perpendicular to the transition dipole moment direction ͑MF x axis͒. These fragments result from a purely perpendicular transition and so, while t 21 (0,0)ϭ0, we find t 22 (0,0) 0. For ␤ϭ45°photofragments are formed via a coherent mixture of parallel and perpendicular dissociations such that the angular momentum is polarized neither along nor antiparallel to the fragment recoil direction. In fact, with our choice of zero phase difference between the parallel and perpendicular channels, the angular momentum is polarized at 45°to the recoil velocity direction.
In Fig. 3 we examine the variation of the different t KQ ( k , k ) moments as a function of ␤ for fragments recoiling in the direction of maximum photofragment flux in the LF. We see that the cylindrically symmetric moment t 20 ( k , k ) lies at it's maximally negative value for ␤ϭ0°a nd reaches it's maximal positive value at ␤ϭ90°. The t 20 ( k , k ) moment indicates the angular momentum polarization with respect to the MF z axis. At ␤ϭ0°the angular momentum is polarized perpendicular to the recoil direction ͓negative t 20 ( k , k )͔, whereas for ␤ϭ90°the angular momentum is polarized parallel to the recoil direction ͓positive t 20 ( k , k )͔. The t 2Q ( k , k ) moments with Q 0 describe the angular momentum polarization about the x and y axes. The value of t 22 ( k , k ), which arises due to perpendicular photodissociation, lies at zero for ␤ϭ0°and rises to its maximum at ␤ϭ90°. The t 21 ( k , k ) moment which arises due to a coherent superposition of parallel and perpendicular photodissociation lies at zero for ␤ϭ0°and 90°but takes maximal values at ␤ϭ45°and 135°. Clearly, by choosing the experimental geometry it is possible to exert significant control over the photofragment angular momentum polarization. In fact, we find that the recoil angle integrated alignment parameter in the MF, A 0 2 ͓Eq. ͑2.34͒ and Appendix B͔ varies from Ϫ0.4 at ␤ϭ0°to ϩ0.2 at ␤ϭ90°, with an intermediate value of Ϫ0.1 at ␤ ϭ45°. The values of Ϫ0.4 and ϩ0.2 for A 0 2 are the maximally negative and positive values of this alignment parameter for j a ϭ1.
IV. CONCLUSIONS
We have reviewed and extended the theoretical treatment of the axial recoil photodissociation of diatomic molecules to include the polarization of the parent molecule. This formalism was applied to the control of atomic photofragment polarization via optical preparation of the parent molecule. Such control over the photofragment polarization may well prove useful in photoinitiated bimolecular reactions where the atomic reactant is created through photolysis of a diatomic molecule. The angular momentum polarization thus created, and controlled within the photodissociation frame, will translate to control of the reactant angular momentum polarization in the collision frame. 64, 65 Hence one may exert control over this property of the reaction and monitor the effect upon the reaction cross section and differential cross sections. While the angular momentum polarization may also be varied by changing the photolysis wavelength, 38, 40, 41 this will also cause a change in the collision energy, and is inherently less convenient than the method proposed here. In addition, the formalism presented here will be of use in designing and interpreting experiments in which the parent molecules are aligned/oriented prior to photolysis. Such experiments have a powerful role to play in untangling specific features of the photodissociation dynamics which may be difficult to discern when randomly oriented molecules are dissociated. For example, alignment/ orientation or molecules prior to photolysis, together with control over this polarization, may be used to distinguish the coherent and incoherent processes, and to probe in a detailed fashion any nonadiabatic processes occurring during the dissociation process.
⍀Ј⍀ 0 Ј ͑ qЈ͒M j j a j b ⍀⍀ 0 *͑q͒.
͑A2͒
Now we use Eq. ͑4.24͒ of Zare 57 to remove the sum over R, and Eq. ͑4.16͒ of Zare 57 together with the orthogonality of the 6 j symbols to remove the sums over l and lЈ to give 
͑A3͒
Reexpressing the 9 j symbol in terms of three 6 j symbols, applying Eq. ͑4.16͒ of Zare 57 three times to the final three 3 j symbols, and making use of the orthogonality of the 6 j symbols removes the sum over J and JЈ to give Eq. ͑2.23͒.
APPENDIX B: ANGULAR MOMENTUM DISTRIBUTIONS
Within the vector model of angular momentum, 57 the angular momentum distribution for sharp angular momentum with quantum number J can be expanded in terms of spherical harmonics as 39, 57, 66, 67 
The values of the normalization constant, c(K), and the reduced matrix element of the spherical tensor angular momentum operator J Q K ,͗JʈJ K ʈJ͘, have been given by Zare and co-workers. 57, 66, [68] [69] [70] 
